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ASS TRACT 
This thesis presents the analysis of a controller 
for a liquid level control system. The controller was 
built using an analog computer providin~ the ability to 
easily construct up to three modes of cont~ol. The 
controllers analyzed were: 
1. Proportional, 
2. Proportional plus reset, and 
3. Proportional plus reset plus preact. 
The system was tuned experimentally to provide 
satisfactory operation and root loci were also plotted 
to show the system stability for the three modes. 
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I. INTRODUCTION 
The purpose of this project was to design, 
construct, and analyze an easy to use educational 
system for the control of a liquid level. The system 
was to be built such that all three modes of control 
1 
could be used in any combination in order to demonstrate 
their advantages and disadvantages. 
The three modes available in the system were: 
Proportional, reset, and preact modes • 
. 
In discussing a general control system as described 
in figure 1, the comparator is the device which compares 
the desired output cinto the actual output, c. If there 
exists a difference between c and cin , designated as 
error, e, the controller will act on this difference and 
attempt to compensate for this difference or this error. 
The controller sends out some power buffered signal, v, 
to the process to increase or decrease the output, c, 
depending on the sign of the error. The output of the 
process will be continually monitored by the transducer 
whose output is compared to cin to define the error (1). 
The blocks will represent the dynamics of each of 
the components for transient analysis and the gains for 
steady-state analysis. 
2 
cin e I controllerH I c process 
transducer 
Figure 1. Basic control system 
3 
II. REVIEW OF LITERATURE 
One of the first persons to apply feedback control to a 
real system, where the designer understood and analyzed 
the system, was James vlatt (2). In 1769 he applied the 
fly ball governor to his steam engine and understood the 
possi bill ty of 1nstab1li ties occurring in this system. The 
system contained all the major features of modern automatic 
controllers (J). 
In 1868 James Clerk 1•1axwell (4) derived the differ-
ential equations of the governor-engine system. This 
approach has become the major factor in controller design 
-today, in that the designer predicts the dynamics as well 
as the steady-state performance. 
In the 1930's C.E. Mason (5) in the United States 
employed differential equations for the design of pneumatic 
controllers and was led by the mathematics to the discovery 
of reset and rate control of pneumatic controllers. 
Modern theory was probably due mostly to the advent 
of and the design of the M-9 gun director which lead to 
the electronic differential analyzer or analog computer. 
The use of computers has played a major role in the 
4 
recent advances in the design of automatic control 
systems. An analog computer is one in which the 
equation describing the operation of the computer is 
analogous to that for the actual systems. The most 
commonly used analog computer is the electronic differenti-
al analyzer, in which voltages at various places within the 
computer are proportional to the variable terms in the 
actual systems. The operation of a control system can be 
simulated by the use of an analog computer. The analog 
computer provides designers with the ability to simulate 
non-linear systems quickly. 
With the advent of Sputnik, the automatic control 
picture changed again. The dominant area of control 
theory activity today is that of optimal control, 
inspired by the maximum principle of the Soviet 
mathematician, L. s. Pontryagin (6). 
Some of the methods which can be used to predict the 
dynamic and steady-state behavior of a system will be 
discussed here. 
The transient behavior of a system is governed 
primarily by the roots of the characteristic equation of 
the system. Neither the initial condition nor the particular 
excitation affects the basic operation of a linear system. By 
5 
deriving the differential equations for the control 
system and solving them, an accurate solution of the 
system's performance can be obtained, but this approach 
is not feasible for some systems. Quite often it is only 
necessary to lmow if a system is stable. 
By applying Routh's criterion (7) to the 
characteristic equation it is possible to determine if the 
system is stable or not. Not only should the system be 
stable, but the overshoot must be maintained within 
prescribed limits and transients must die out in a 
sufficiently short time. 
There is one other method which is based upon the 
interpretation of the system's Nyquist plot (8) which is 
a polar plot of the open loop function in reference to the 
minus one point on the real axis for all frequencies. 
Although this frequency approach does not yield an exact 
quantitative prediction of the system's performance, enough 
information can be obtained to indicate whether the system 
needs to be adjusted or compensated. 
The root-locus method developed by W.R.Evans (8) 
incorporates the more desirable features of both the 
classical methods and the frequency-reponse method. The 
root-locus is a plot of the roots of the characteristic 
equation of the closed-loop system as a function of the 
gain. This method yields a clear indication of the 
effect of gain adjustment with relatively small effort 
compared with other methods. 
Frequency-response methods are really useful when 
6 
it is very difficult to determine system performance by 
the transient-response technique. In the case of linear 
systems the response y = y sin{~t +s6) is displaced 
0 
some phase angle¢ from the input f = f0sin~t, but has the 
same angular velocity. 
The frequency-response method is generally used to 
predict and adjust a system performance. It is also 
important in situations in which the actual transfer 
functions of the blocks in a block diagram are not knol~. 
The frequency-response of the open-loop transfer function 
can be determined experimentally for these situations. 
An approximate expression for the transfer function can 
be obtained from a plot of the experimentally determined 
.frequency-response. 
III. DESCTIIPTION OF THE EXPERIMENTAL EQUIPMENT 
The control loops used in this investigation are as 
shown in figure 2. 
7 
The controller, comparator, and hin functions were 
supplied by an Heathkit Electronic Differential Analyzer 
model EC-1 having nine amplifiers. Its range of operation 
l'las 0 to 60 V and 0 to 100 CPS. The use of the analog as 
the controller provided the ability to very easily patch 
up different controller configurations. The configurations 
were such that the following modes of control l'Iere obtained: 
(1) proportional, (2) proportional plus reset, and (3) 
proportional plusreset plus preact. The circuit used for 
the proportional mode plus the comparator and the hin 
variable was as shown in figure 3· The K1 and K2 pots 
were set at 0.4 since the maximum voltage output of the 
analog to the D.c. Amplifier is 4 volts for full range 
of operation. 
Circuit diagram for the proportional plus reset modes 
and proportional plus reset plus preact modes are sho~m in 
figures 4 and 5 respectively. 
Because of the low input impedance of the electro-
pneumatic transducer, a Nashua Servo Controls model 730 
D. c. Amplifier was required to keep from loading the analog 
computer. The D.C. Amplifier provided a voltage gain of 
computer 
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ten betwe·en input and output and is the reason for the 
tenth gain of the last amplifier in the controller. The 
input of the D. c. Amplifier is ± 15 V DC MAX and the 
output is ± 28 V DC, 800 MA. 
The output of the D. c. Amplifier is the input to a 
Fisher type 546 electro-pneumatic transducer. The 
transducer provides the conversion from an electric signal 
to a pneumatic pressure output which drives the actuator 
valve system, controlling the flow into the tank. The 
normal input range of the transducer is 1-5 ma 
( Current signal ) and the normal output range is 3 to 
15 psig. 
The actuator was a Fisher type 657, size 30, with the 
following characteristics: input-a pressure signal 
whose normal range is 3 to 15 psig and the output a 
stroking range of 3/4". The actuator was directly coupled 
to the Fisher 1-:?;11 , normally open, design 'A' control 
valve with a linear valve characteristic. The valve's 
maximum stroke is 3/4" and has a Cvmax of 17. The valve 
delivers the inflow to the storage tank l'lhich is 12 11 in 
inner diameter and 74" high. The outflow from the tan}{ is 
controlled by a Crane :No. 200, 3 inch valve. 
The height in the tank is monitored by a Pace trans-
ducer system with a 1 psi diaphragm. The input to the 
transducer is 0-1 psi. The output of the transducer 
diaphragm is read and calibrated using a Pace Wiancko 
transducer indicator, model CD 25. The Pace Wiancko 
transducer indicator has a 0 to 10 volts output 
1J 
yielding a system sensitivity of 10V/psi. This output is 
proportional to the pressure measured in the tank. The 
voltage output, proportional to the pressure, is the 
signal sent to the comparator after gain modification as 
shown in. figure 2. A zero pressure would correspond to 
26.6 inches above the center line of the outlet valve and 
provides a 27.7 inch range for the height control in the 
tank. 
A COHU Electronic 510 series type digital voltmeter 
was used for system check out and a Brush recorder mark 
II was used to record the response of the system. 
14 
IV. DESCRIPTION OF SYSTEM DYNAf1ICS 
To unders.tand the system dynamics for all . three control 
systems, the actual transfer functions involved were 
found. 
The differential form of the equation for the 
proportional controller was found as follows: 
From figure 3, 
where the equivalent impedance of the feedback loop is: 
= 
e1, e2 =input to the amplifier, volts 
e0 = output from the amplifier, volts 
Zf = feedback impedence, ~ 
z1 = input impedence = R1 = 1 X 1 o6 ..I"-
z2 = input impedence = R2= 1 X 106 .ft-. 
c = feedback capacitance = 1 X 10-6 farads 
Rr = feedback resistance = 1 X 1 o6 ..A. 
Rr 
+ ~· e2 Rf e1 eo = • Z2 zl 
= 
( e2 - el ) 
= ------
s + 1 
-=---
e s + 1 
where: 
(~- e 1) = e = error signal 
So vP Kp 
= 
e s + 1 
where a 
V = Proportional voltage p 
KP = Proportional gain 
15 
Thus the transfer function for proportional control-
ler turns out to be ~ 
• 
s + 1 
The reason for using the time constant in the-proper-
tional control system was · to· remov.e some noise in the system. 
For the proportional plus reset mode controller the 
differential form of the equations is _.: 
-eK = - Vp, p 
and -[ -vp - [(-J -vp dt) .k; 3] = vr, 
where; 1 reset gain, -= 
V r = reset voltage • The 








and v + 1 ~ vr • -p R; ·• s 
1 K s + 1 v 
Therefore, ~ = 
vP 
r 1 + --- - ~-----
sKr - Krs 
and 
, 
Thus the transfer function comes out to be; 
The form of the equations for the three 
mode controller is . r 
1 
• (-eK )= - V , 
s + 1 p p 









ct = compensation ratio = 1/10 , 
1 = preact gain , 
Kd 
V c = controlled voltage • 
V K s + 1 
r r 
Vc Kds + 1 . 
vr = ctKds + 1 
The resulting transfer function for three 
control systems are shown in figure 6. The ideas of 
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Block diagram for (a)the proportional 
controller, (b)tbe proportional plus 




The transfer function for the D. c. Amplifier and 
theelectro~pneumatic transducer loaded by the actuator-
positioner valve assembly with no water flowing was found 
by performing a frequency-response analysis. The circuit 
used for the analysis was as shoNn in figure 7. A 
Hewlett Packard model 202A function generator was 
installed to provide a sine wave input to the system. 
The system was driven with the sine wave input over 
a frequency range of 0.01 CPS to 10 CPS. The steady-state 
input and output were monitored and log-magnitude plots 
were prepared from the results. 
This data was collected for three different operating 
points of the control valve and listed in appendix A. The 
points were i open, ! open, and 3/4 open. 
The pressure from'the transducer and voltage from 
the function generator were measured for the three 
different positions of the control valve. The ratio of 
the pressure to the voltage, that is the gain, was found 
constant for the three operating points. 
The graphs of log y0 /f0 versus ~have been drawn and 
are shown in figures 8, 9, and 10. The transfer function 
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Figure 8. Experimentally determined log-magnitude plot for the 
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Figure 9· Experimentally determined log-magnitude plot for the 
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Figure 10. Experimentally determined log-magnitude plot for the position of 





K0 = overall gain of the equipment, and 
11 = time constant of the transfer function = 1/~. 
The break point is at 0.175 CPS; so, 
"'t = 2 rr. rad •. X . 0 .1 7 5 eye • = 
eye. . sec. 1.1 rad./sec. 
1; = 1/1 .1 = 0. 91 sec. 
The value of K0 is approximately equal to y /f 0 0 
at low frequency. 
From the graphs, at ~ = 0.01 CPS, the value of 
y0 /f0 is equal to 1.59, that is K0 = 1.59. 
Thus the transfer function will be, 
= 
1.75 
1 + 0.91s s + 1.1 
The transfer function of the positioner-actuator 
combination, Fa• given by Fisher catalog 61 (10), isr 
where: 
Ka 
(s/~a)2+2 tas +1 
t.Ua 
Ka = 0.0625 in/psi , 
tva = 37•7 rps 
~a=0.5, 




Also from the Fisher's cayalog 61r 
Q1 = c v;;p' n v 
and, Kv = N~1n = ( 22.7 "ffAP gpm/1n 




Y = valve 11ft from the seat,1n. , 
Q1n =inlet flow, 1n.3/sec, 
AP =pressure drop across the valve, psi, 
Kv = valve gain, 1n.3 /sec, in 
and, cv = liquid sizing coefficient, in.3Lsec • psi 
25 
The effect of the transfer function of the pressure 
transducer is neglected because the response would be fast 
as compared to that of tank and in such a case the transfer 
function could be treated as a pure gain. 




A = area of the tank = 112 in2, 
qin = variation in the rate of inlet flow, inJ /sec , 
qo = variation in the rate of outlet flow, 
inJ/sec 
• 
ht = variation in the height of water level, in , 
K = dQol in3/sec ~ '- ,and oHt ~ = const. in 
Av= area of outlet valve open to water flow,. in2 • 
The graph of Bt versus Q0 is plotted at constant area of 
outlet valve and constant input voltage for the_proportional 
control- system as shown in figure 21. 
From figure 11' 
dQ J6 - J2 p;al/min. inJ /sec K = 0 = = 0.4 = 1.54 
aH Av2 50 - 4o in t 
where, 
Av2=area of outlet valve open when valve is released 
by 2 turns. 
• 
In figure 21, it can be seen that the slope of the 
curve for the constant area of the valve is approximately 








25 JO 40 .50 60 70 
Ht inches 
Figure 11. Graph of the height of water level in the 
tank versus outlet water flow for the 
proportional control system, the outlet 
valve open by 2 turns. 
Eliminating minor loops, 
Therefore, 











= ht • 
28 
' 




Kp v aaP - = Z{M , 
Q1n 
Kv 8?.5{11~ in3/sec -y - in 
so, 
(yKv - Ja Kl') 







Figure 1·2. (a) Block diagram for the. tank. 
29 
(b) Resulting block diagram for the 
tank. 
where 
pd = ~ht t 
~ = 62.4/123 lbs./in3 = Water density • 
Therefore, 
87.sVAP 
y·-------------------(112s + 1.54) + ~ 
Zt/4P 
P s = Supply pressure = 35 psig , 
pd = Ht·~, 
= ht 
' 
In calculating Pd the value of Ht is used as 4011 
which is the average height of water level in the tank 
during the operation. 
P.d = (40/12)/(62.4/144) = 1.44 psi, 
.4P = 35 - 1.44 = 33.56 psi, 
vAP' = 5.a, 
d c = 17 an ' vmax • 
The value of Cv is taken as 10 for Ht .= 40" , and 




Substituting these values, 
30 
31 
Y( 4.53 ) 
s + 0.017 = ht 
The overall block diagram for the control system is 
shol,rn in figure 13 , 
For steady-state operation, hin' ht• and Ps would 
have constant values, and therefore terms resulting from 
powers of s operating on these constant quantities will 
be zero, That is, sh = d(hin)/dtl = 0 , etc. in ss ss 
, This yields the block diagram for steady-state 
operation shm·m in figure 14, This is done by letting s= 
o in the overall block diagram of figure 1J. 
From figure 14, 
. 
(0.5hin- 0.2017ht)0.796 +~.863p8· 266)= ht 
For integral and three mode control the value of 




















(a) Proportional plus reset controller 
(b) Proportional controller 
(c) Three mode controller 
·53 
tank 




h in 0,5 l---10.796 266 
~-----; 0. 2o17 




V. EXPERir.JENTAL PROCEDURE 
The set up as shown in fi~ure 2 was made for the 
proportional control system. The air supply to the 
electro-pneumatic transducer was turned on and adjusted 
to 25 psig with a regulator. To calibrate the pressure 
transducer indicator,it was adjusted at zero and then a 
regulator was connected in the circuit to regulate some 
known pressure. The pressure that was regulated was 
o.Spsig and the pressure transducer indicator was 
adjusted accordingly. The pump supplying the water 
was turned on and the speed of the pump was adjusted 
to produce 35 psig outlet pressure. The transient-
response was plotted by the recorder and some time was 
allowed to reach steady-state conditions. 
Initially the outlet valve was opened by one half 
turn and the input voltage was varied from 0 to 100 V 
in intervals of ten. For each input voltage the 
height of the water level in the tank and the outlet water 
flow were measured. This procedure was repeated,opening 
the valve one, two and three turns respectively. 
From the results obtained the graph of Ht versus 
Q was plotted for the proportional control. 
0 
A similar method was adopted for the other two con-
trol systems and all the results were tabulated. 
35 
VI. RESULTS AND DISCUSSIONS 
Now after discussing the block diagram for all the 
systems, an attempt has been made to observe the 
transient-response of each system for different gains. 
Using different values of the proportional gain 
the transient behavior of the proportional control system 
was observed (figure 15). For the each value of the 
gain the transient-response was found identical for different 
values of input voltage and the area of the valve open to 
water flow. For 0.5 proportional gain the system operated 
quite smoothly and the same value was used in each run. 
Similarly for the proportional plus reset control 
system and the three mode control system the values of 
reset gain and preact.gain were selected as 0.5 and 0.4 
respectively ( figures 17 and 19 ). 
For the proportional control system the characteristic 
equation 1st 
(s5+J9.8s4+1500s3+J020s2+1560s+27) + 1137K3 
where, 
The root-locus plots are shown in figures 16, 18, 
and 20. 
a~----------+-------+ 
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Figure 15. Transient-responses for the _proportional 
control. 
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Figure 17. Transient-responses for the proportional 
plus reset control. 
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exploded view of the 
root-locus near origin. 

























For the proportional control system the 
transient-response shows little overshoot and from the 
root-locus plot it is clear that for the value of 
K3 = 2.8, the system becomes unstable. 
For the proportional plus reset control system the 
transient-response displays considerable oscillation and it 
takes more time to reach the steady-state condition. 
For the value of K3 = 29.4, the system becomes unstable. 
Finally, for the three mode control system the 
transient-response is very fast and compared to the 
proportional plus reset control system, it reaches 
the steady-state condition quickly. For the value of 
K3 = 2.8, the system becomes unstable. 
The steady-state data for the proportional control 
and for the proportional plus reset modes are as shown 
1n Appendix B and C respectively. The data for the three 
mode control is same as that for the proportional plus 
reset modes. 
The graph of Q0 versus Ht is plotted at the constant 
input voltage and at the constant area of the valve for 
theproportional control system (figure 21). The curves 
in the graph are operating curves for the water level 
control. 
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Figure 21. General representation of _the stea.dy"-state 
characteristic. 
eliminates steady-state error of the proportional 
control system but does not give good transient 
characteristics. 
Finally, the three mode control system is very 
quick and sensitive. However, it was observed that if 
too much rate is supplied then the system becomes 
unstable and starts oscillating. 
44 
VII. CONCLUSIONS 
From the experimentation the followin~ can be 
concludedr 
45 
1. The proportional control system gives rise to 
error when the controlled condition is subjected 
to sustained disturbances. 
2. The reset section provides the reset voltage 
with an integral of the error voltage. Its 
function is to reduce the steady-state error 
signal to zero. It also gives rise to less 
stable operation. 
3· The rate section of the controller provides 
the control voltage with a derivative of the 
output of the reset section of the controller. 
It anticipates change in water level and smooths 
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Frequency-response of the D.C. Amplifier, 
electro-pneumatic transducer, and valve 













































































0.9 0 • .53 0.16 !'.48 
1 0 • .53 0 .14.5 1.438 
-2 0 • .53 0.08 1.18 
3 0 • .53 o.os "2. 974 
-4 0 • .53 0.034 2.807 
.5 0 • .53 0.029 2.74 
6 0 • .53 0.026 2.69 
7 0 • .53 0.021 2 ·.599 
8 0 • .53 0.018 "'2 • .53 
9 0 • .53 0.016 2.48 
10 0 • .53 o. 014.5 2.438 
Pressure across pressure transducer = 10.2.5 psi 
Voltage across function generator = 4.1.5 V 
50 
Table 2 
Frequency-response of the D.C. Amplifier, 
electro-pneumatic transducer, and valve 
combination, control valve ~ open 
Angular Input Output 
velocity r 0 volts Yo volts Yo Loe-
fo 
CPS 
o.o1 0.50 0,80 0.204 
0.02 0.50 0,80 0.204 
0.03 0.50 0.80 0,204 
0,04 0.50 0,80 0.204 
0.05 o.so 0,80 0.204 
0,06 0.50 0,80 0,204 
0,07 0.50 0,80 0.204 
0,08 0.50 0,80 0,204 
0,09 0.50 0,80 0,204 
0,1 0.50 0,80 0,204 
0.2 0.50 0.56 0.05 
0.3 0.50 0,46 1.964' 
0.4 0.50 0.35 1.845 
0.5 0.50 0,30 1.778 
0,6 0.50 0,24 1.682 
0.7 0.50 0,20 f.602 
0.8 0,50 0.16 r.5o5 
0.9 0.50 0.14 1.447 
51 
1 o.so 0.13 1.416 
2 o.so 0.08 1.204 
3 -o.so o.os 2.000 
4 -o.so o.o3 2.778 
-5 o.so 0.025 2.7 
-6 o.so 0.022 2.644 
7 o.so 0.02 2.602 
8 o.so 0.018 Z". 557 
9 o.so 0.0165 "2".519 
-10 0.50 0.014 2.447 
Pressure across the pressure transducer=8.25 psi 
Voltage across function generator = 3.34 V 
Table 3 
Frequency-response of the D.C. Amplifier, 
electro-pneumatic transducer, and valve 














































































0.9 0.54 0.17 1.498 
1 o.s4 -0.16 1.472 
2 o.s4 0.10 1.268 
J 0.54 0,06 1.042 
4 0.54 o.o4 -2.87 
5 0.54 O,OJ 2.745 
6 0.54 0,025 2.667 
-7 0.54 0,02 2.569 
8 0.54 0,018 -2.522 
9 0.54 0.017 2.499 
10 0.54 0.015 2.444 
Pressure across pressure transducer = 6,225 psi 




PROPORTIONAL CONTROL SYSTEM 
TABLE 4 













































Proportional control system, outlet valve open by 1 turn 
Input voltage Height Outlet flow 
v Ht Q 
volts inches gal.7>m1n. 
0 29.7 13.0 
10 32.4 13.6 
20 35.0 14.3 
30 37.6 14.6 
40 40.3 15.0 
50 42.8 15.5 
60 45.0 16.0 
70 47.5 16.7 
80 50.0 17 .) 
90 52.6 17.8 
100 55·0 18.2 
57 
TABLE 6 
Proportional control system, outlet valve open by 2 turns 
Input voltage Height Outlet flow 
v H:t Q 
volts 1ncnes gal.~min. 
0 29.3 28.2 
10 31.3 29.2 
20 34.1 30.0 
30 37.0 31.2 
40 39.6 32.2 
50 42.1 33.2 
60 44.3 33·7 
70 46.5 34.8 
80 49.1 35·5 
90 52.1 36.6 
100 54.5 37.6 
58 
TABLE 7 
Proportional control system, outlet valve open by 3 turns 
Input voltage Height Outlet flow 
v Ht Q 
volts inches gal.?min. 
0 29.0 43 
10 31.1 44.6 
20 33.4 46.0 
30 36.1 47.2 
40 38.6 49.0 
50 41.3 50.1 
60 43.2 51.4 
70 45.9 52.8 
80 48.4 54 
90 50.9 55.1 




PROPORTIONAL PLUS RESET CONTROL SYSTEM 
59 
TABLE 8 
Proportional plus reset control system,outlet 
valve open by 1 turn 
Input voltage Height Outlet flow 
v Ht Q 
volts inches gal.?min. 
0 26.6 12.5 
10 29.4 12.8 
20 32.1 13.5 
30 35 14.2 
40 37·9 14.8 
50 40.7 15.3 
60 43.5 15.6 
70 46.3 16.0 
80 49.3 16.6 
90 52.1 17.3 




Proportional plus reset control system,outlet 
valve open by 2 turns 
Input voltage Height Outlet flow 
v H Qo volts inc~es 
gal./min. 
0 26.6 27.3 
10 29.4 28.2 
20 32.1 29.4 
30 35 30.8 
40 37·9 31.8 
50 40.7 32.6 
60 43.5 34 
70 46.3 34.8 
80 49.3 36 
90 52.1 36.7 
100 54.8 37.6 
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